We study resonant nonlinear magneto-optic rotation (NMOR) in a paraffin-coated Rb vapor cell as the magnetic field is swept. At low sweep rates, the nonlinear rotation appears as a narrow resonance signal with a linewidth of about "300 µG" (2π × 420 Hz). At high sweep rates, the signal shows transient response with an oscillatory decay. The decay time constant is of order 100 ms. The behavior is different for transitions starting from the lower or the upper hyperfine level of the ground state because of optical pumping effects.
I. INTRODUCTION
It is well known that the plane of polarization of nearresonant light passing through an atomic vapor rotates in the presence of a magnetic field. In effect, the direction of the magnetic field breaks the symmetry of the system and thus induces birefringence. This magneto-optic rotation (MOR) also shows nonlinear effects when the light field is sufficiently strong, as can be produced by a laser. Such nonlinear magneto-optic rotation (NMOR) [1] arises because the response of the medium becomes light dependent. In other words, the light field, through optical pumping among the magnetic sublevels (causing alignment of the atom) or induced coherences between the sublevels, causes additional birefringence.
NMOR in atomic vapor has potential applications in sensitive magnetometry [2, 3] , search for a permanent electric dipole moment (EDM) [4] , and magnetic resonance imaging (MRI) [1] . Because the ground-state coherence plays an important role in the phenomenon, the use of buffer-gas filled cells [5] or paraffin coating on the walls [6] is common in NMOR studies. For example, in Rb the vapor density is about 10 9 atoms/cm 3 at room temperature, which means that the mean free path is several orders of magnitude longer than the typical cell size. Thus, the ground-state coherence can be destroyed by spin-exchange collisions with the walls. It was shown that the use of paraffin coating on the walls [6] reduces the ground-state depolarization rate and enhances the optical pumping signals, with coherence lifetimes of order 1 s being observed.
In this work, we study the transient evolution of NMOR in a paraffin-coated Rb vapor cell, which gives important insight into the relaxation mechanisms. We observe evolution with a period of order 100 ms. The evolution depends on the laser power and the particular hyperfine transition being used, which in turn highlights the importance of optical pumping effects. The transient response can be understood qualitatively based on a density-matrix analysis of the system. Systems exhibiting electromagnetically induced transparency (EIT) [7, 8] , electromagnetically induced absorption * vasant@physics.iisc.ernet.in; www.physics.iisc.ernet.in/∼vasant (EIA) [9, 10] , and coherent population trapping (CPT) [11, 12] , were studied for their transient behavior. These studies show that the transient response occurs due to rapid switching on of the coupling field [13] or due to a sudden change of the Raman resonance condition [14, 15] . Transient evolution is found to be of the order of microseconds in EIT and EIA systems, while it is of the order of tens of milliseconds in CPT systems, where again ground-state coherence plays an important role. The relatively long evolution time of the order of 100 ms seen in our studies of NMOR leads to potential applications in quantum information storage devices and nonlinear optical media with time-resolved gratings.
In nuclear magnetic resonance (NMR), adiabatic rapid passage conditions [16] lead to transient oscillations (called wiggles). This is because the magnetic field is swept across the resonance at a rate that is fast compared to the inverse relaxation times, as a consequence beats occur between the resonance signal and the signal induced by the precession of magnetization. The transient oscillations play an important role in calculating magnetic field inhomogeneities and the diffusion constant [17] . We observe similar transient oscillations in our studies here.
II. THEORETICAL FORMALISM
We used a density-matrix analysis of the system to understand the optical pumping and coherence effects that cause the nonlinear features of the magneto-optic rotation. The simplest model is to take a F = 1 → F = 0 transition forming a three-level system in the presence of a magnetic field, as shown in Fig. 1 . The ground level splits into three sublevels, with energy shifts given bȳ
where µ B = 1.4 MHz/G is the Bohr magneton, g F is the Landé g factor, m F is the magnetic quantum number, and B is the magnetic field. The upper level remains unsplit. Thus, the m F = ±1 ground sublevels form a three-level system with the m F = 0 excited sublevel, coupled by opposite circular polarizations of light (σ ± ). Because of the opposite energy shifts for the m F = ±1 sublevels, the two circularly polarized components see opposite detunings, which is the origin of the magneto-optic rotation. The laser coupling the two levels is taken to have a Rabi frequency of (on resonance). The decay rate of the ground sublevels is 12 , while that of the upper level is . Optical pumping into the ground sublevels is incorporated by taking a population pumping rate of n 0 12 into each sublevel. The susceptibilities for the two circularly polarized components are related to the density-matrix elements as
where N is the atomic density. The rotation of the angle of polarization is related to the difference in refractive indices for the two circularly polarized components. In a dilute vapor, where the refractive index is close to 1, this can be approximated as [18] 
where k p is the probe wave vector and l is the total interaction length.
We studied the transient evolution of NMOR at a constant magnetic field of 100 mG. There are nine coupled densitymatrix equations, which we solved numerically as a function of time. The spontaneous decay rates are taken to be = 2π × 6 MHz and 12 = 2π × 0.1 MHz and the pumping rate into each ground level is taken to be n 0 12 = N 12 /2. The results for three Rabi frequencies are shown in Fig. 2 . The evolution shows an oscillatory increase toward a steadystate value, with the frequency of oscillations increasing with the Rabi frequency.
In the experiments, the magnetic field is swept at different rates. It is difficult to simulate this situation since the field and therefore the energy shifts are changing with time. However, we will see later that transient oscillations occur at high sweep rates, similar to the oscillations seen in our simulation. The rotation rapidly builds up to a nonzero value and then saturates to the linear MOR value. At the Rabi frequency used in the experiment, the linear MOR value is close to zero so the rotation decays to zero. This behavior can be written in a qualitative manner as
where A, B, C, D, α, ξ , β, and γ are constants that depend on the spontaneous decay rates, laser detuning, and the Zeeman shift. The total decay time constant is defined as
III. EXPERIMENTAL SETUP
The experimental schematic is shown in Fig. 3 . The laser beams were derived from a home-built grating stabilized diode laser with a linewidth of 1 MHz [19] . It was locked to one of the hyperfine transitions of the D 2 line of Rb using saturatedabsorption spectroscopy in a vapor cell. The measurements were done in a 25-mm diameter × 50-mm long paraffin-coated vapor cell containing a natural mixture of Rb. The cell was kept inside a three-layer magnetic shield [20] that reduced the ambient fields to below 0.1 mG. The cell had an axial solenoid coil of dimensions 110-mm diameter by 360-mm length. The coil can produce fields up to 1 G, calibrated using a three-axis fluxgate magnetometer with 1 mG resolution. The field was measured to be uniform to better than 1% over 100 mm (twice the cell length). The field was swept linearly using a function generator.
The laser beam in the experimental cell had a diameter of about 2 mm. The input was linearly polarized using a polarizing beamsplitter cube (PBS) and the output was split into its linear components again using a PBS. The two intensities, I x and I y , were made equal in the absence of a field (by adjusting the halfwave retardation plate in front of the cell). The rotation in the presence of a field was calculated from
IV. RESULTS AND DISCUSSION
Resonant magneto-optic rotation in atomic vapor shows rapid variations even at magnetic fields of the order of mG. In this work we study the narrow NMOR resonances in Rb vapor. We measure NMOR in both isotopes of Rb, 85 Rb and 87 Rb, and in each isotope for transitions starting from either the lower or the upper ground hyperfine level. Since the relative transition strengths, the optical pumping rates, and the collision cross-sections change in the four cases, the different cases give us insight into the importance of these mechanisms.
A. NMOR for transitions from the lower hyperfine level
The first set of measurements was done for transitions starting from the lower hyperfine level. For the experiments in 87 Rb, the laser was locked to the F = 1 → F = (1, 2) crossover resonance. The NMOR measurements were done at various magnetic field sweep rates and different laser powers. The laser power was relatively high, with a Rabi frequency of 1.5 to 2 .
The narrow NMOR resonance seen when the field is swept at a slow rate of 0.8 mG/s is shown in Fig. 4(a) . The high sensitivity (∼0.1 mG) and narrow linewidth (300 µG) of the resonance make it ideally suited for sensitive magnetometry at low field strengths. The sweep rate is quasistatic and therefore the rotation can be used to measure direct current DC fields. Of course, the actual application to magnetometry will require proper calibration of the field for a given light intensity and atomic density in the cell [2] . But it should be possible to use this effect to measure fields of order 10 µG.
The resonance seen in Fig. 4 (a) occurs due to two effects: (i) atoms that move away from the laser beam and have a coherent evolution longer than the transit time, and (ii) atoms returning into the interaction region of the beam after some spatial diffusion. Because the atoms spend most of the coherent evolution time outside the laser beam, the narrow resonances do not saturate with increasing laser power. By contrast, the broad resonances caused by linear MOR saturate at high laser power due to hole burning in the atomic velocity distribution. In our measurements, the laser power was high enough to saturate the broad resonance.
When the sweep rate is increased above 1 mG/s, the NMOR resonance structure begins to change. From the two curves shown in Fig. 4(b) , it can be seen that the narrow resonance gradually disappears and transient oscillations begin to appear. The rotation decays after the resonance. The linewidth also increases when the laser intensity is increased to 2 , as shown in Fig. 4(c) .
When the magnetic field sweep rate is further increased to 160 mG/s, the rotation shows an oscillatory decay, as shown in Fig. 5 . Note that the field reaches a value of 100 mG, compared to the 2 mG in Fig. 4 . The rotation appears to follow the theoretical behavior predicted by Eq. (4). A curve fit of this equation to the measured rotation in Fig. 5(a) (measured at a Rabi frequency of 1.5 ) fits the data well. All eight parameters in the equation are left as fit parameters. The best fit yields a time constant of 179.6 ms with a relative error of less than 1 part in 10 5 . The spin-exchange rate for 87 Rb is 0.5508 Hz [21] and the Larmor precession frequency, defined as
has a value of 69.950 kHz at 100 mG. Thus, the spin-exchange rate is slower than the Larmor precession frequency, which shows that spin-exchange relaxation plays an important role. When the laser intensity is increased to 2 , the decay constant [ Fig. 5(b) ] increases to 286.9 ms. This is consistent with the increase in linewidth with laser intensity seen in Fig. 4 .
The behavior in the other isotope, 85 Rb, is similar. The results with the laser locked to the F = 2 → F = (2, 3) transition at a power of 1.5 are shown in Fig. 6 . There is a narrow resonance peak with a linewidth of 300 µG when the sweep rate is 0.8 mG/s. When the sweep rate is increased to 160 mG/s, the rotation shows a characteristic oscillatory decay. Equation (4) Figure 7 shows the results of NMOR in 85 Rb for transitions starting from the upper hyperfine level (i.e., with the laser locked to the F = 3 → F = 4 transition). At low sweep rates, the rotation shown in Fig. 7 (a) has a resonance peak, but the linewidth is 850 µG, which is almost three times larger than the corresponding linewidth for the lower level transitions. The underlying reason for this increase is that the dominant transition for this set is the closed transition F → F + 1 (i.e., 3 → 4), while it is F → F − 1 for the lower level set. Since there are more magnetic sublevels in the upper state, optical pumping redistributes the population into one of the stretched magnetic sublevels.
The transient decay at high sweep rates, shown in Fig. 7(b) , is similar to that for the lower level transition. Equation (4) models the decay reasonably well. A curve fit to this equation yields a decay time constant of 278 ms, but the relative error is quite large at 20%.
The behavior in 87 Rb for upper level transitions (with the laser on the F = 2 → F = 3 transition) shows a similar increase in linewidth at low sweep rates. But, in this particular case, the broad resonance does not saturate and the broad and narrow resonances coexist. This causes further broadening of the linewidth and nonsaturation of the rotation at high fields. The oscillations are also not seen clearly. 
V. CONCLUSION
In conclusion, we studied nonlinear magneto-optic rotation in a paraffin-coated Rb vapor cell. The NMOR signal appears as a highly sensitive narrow resonance peak when the magnetic field is swept slowly. The linewidth is only 300 µG for transitions starting from the lower ground hyperfine level, which can be useful for high sensitivity magnetometry. For upper-level transitions, the linewidth is much larger due to optical pumping among magnetic sublevels. When the field is swept at a high rate, the signal shows transient evolution with a characteristic oscillatory decay. The behavior can be understood qualitatively from a density matrix analysis of the system. The decay time constant depends on optical pumping rates, spontaneous decay rates, laser detuning, and the Zeeman shift. The decay times are of order 100 ms, showing that spin-exchange collisions also affect the transient evolution. The long decay times appear to be a consequence of the increased coherence time in a paraffin-coated cell, though further experimental and theoretical studies are necessary to confirm this suggestion. Such long time constants can be useful in applications such as quantum information storage and time-resolved gratings.
